Rationale: Oncogenic STAT3 signaling activation and 3p22-21.3 locus alteration are common in multiple tumors, especially carcinomas of the nasopharynx, esophagus and lung. Whether these two events are linked remains unclear. Our CpG methylome analysis identified a 3p22.2 gene, DLEC1, as a methylated target in esophageal squamous cell (ESCC), nasopharyngeal (NPC) and lung carcinomas. Thus, we further characterized its epigenetic abnormalities and functions. Methods: CpG methylomes were established by methylated DNA immunoprecipitation. Promoter methylation was analyzed by methylation-specific PCR and bisulfite genomic sequencing. DLEC1 expression and clinical significance were analyzed using TCGA database. DLEC1 functions were analyzed by transfections followed by various cell biology assays. Protein-protein interaction was assessed by docking, Western blot and immunoprecipitation analyses.
Introduction
Chromosomal locus 3p22-21.3 frequently has abnormalities like loss of heterozygosity (LOH) in multiple cancers [1] [2] [3] [4] [5] [6] , including esophageal squamous cell (ESCC), lung and nasopharyngeal (NPC) carcinomas. Thus, as a typical tumor suppressor gene (TSG) locus, allele loss at 3p21.3 has been shown to be the early premalignant change detected in lung and breast cancers [1, 4] . Multiple genetic and epigenetic studies have been performed to determine the related TSGs at this locus, such as RASSF1A [7] , ZMYND10 [8] [9] [10] and PLCD1 [11] . Another candidate 3p22 TSG, deleted in lung and esophageal cancer 1 (DLEC1), was firstly identified in esophageal and lung cancers through sequencing 3p21.3 genomic DNA cosmid clones and expression analysis [12] . However, although DLEC1 downregulation and rare mutations were initially detected in some carcinoma cell lines and primary tissues, its promoter methylation was not detected in any ESCC or lung cancer cell lines or tumor samples [12] , raising questions about its role as a bona fide 3p22-21.3 TSG. After its first identification, DLEC1 promoter methylation and downregulation have been reported in multiple cancers by our and other groups [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , but still not in ESCC yet. DLEC1 methylation/downregulation has been shown to be significantly related to disease progression and poor prognosis of some cancers including lung, ovarian and breast [18] [19] [20] [21] ; thus, it is a potential biomarker for tumor diagnosis.
The DLEC1 protein contains 5,268 nucleotides and 1,755 amino acids, with no homology to any known proteins or domains reported so far. Previous studies showed that DLEC1 is a growth suppressor with anti-tumorigenic abilities in vivo [17] . However, the molecular mechanism underlying its tumor suppression still remains unknown.
STAT3 is commonly activated in human malignancies as an oncogenic signaling hallmark, involved in the regulation of cell proliferation, apoptosis, cancer stemness and immune checkpoint [23, 24] . Persistent STAT3 activation is associated with tumor progression of ESCC, NPC and lung cancers [25] [26] [27] ; thus it is a feasible therapeutic target. STAT3 activation is stimulated by cytokines and growth factors (e.g., IL-6, IFNs, EGF), featured by tyrosine phosphorylation at residue Y705 together with Ser727 phosphorylation, and further functions as a transcription factor to activate target gene transcription [28] . The YXXQ motif is well known as a consensus motif for STAT3 recruitment, which acts as a docking site selectively binding STATs [29] . In addition, STAT3 could also be inactivated by negative regulators, including suppressors of cytokine signaling (SOCS), protein tyrosine phosphatases (PTPs) and protein inhibitors. Although the critical role of oncogenic STAT3 activation in tumorigenesis has been well defined, the mechanisms regulating STAT3 activation are diverse and worthy of further exploration.
We conducted an integrative epigenomic and genomic study of ESCC through genome-wide CpG methylation (methylome) and high-resolution array comparative genomic hybridization (aCGH) analyses, and identified DLEC1 as a methylated target in ESCC, as well as lung cancer and NPC. We further examined its expression and methylation in cell lines and primary tumors of ESCC, lung cancer and NPC, and systematically assessed its tumor suppressive functions in carcinoma cells. We also investigated the underlying mechanism of JAK/STAT3 signaling regulation by DLEC1 in carcinoma cells.
Results

Epigenomic identification of DLEC1 as a methylated target for esophageal and other carcinomas
CpG methylome analysis of ESCC cell lines and immortalized esophageal epithelial cells was performed by methylated DNA immunoprecipitation (MeDIP) (Li et al., in preparation) . Enriched methylated signal in the DLEC1 promoter was detected in ESCC, but not in immortalized esophageal epithelial cells (Fig. 1A) , indicating that DLEC1 is a methylated target for ESCC. Similar positive signal peaks at the DLEC1 promoter were detected in our previous NPC methylome data (Fig. 1A) . Moreover, we identified DLEC1 as a methylated target in our previous lung cancer methylome study (5/6 paired carcinomas) [30] .
Meanwhile, our array CGH study of ESCC [31] also detected hemizygous 3p22 deletion in 5/10 cell lines where DLEC1 is located (Fig. S1A) , with homozygous deletion of DLEC1 in one cell line (EC1) (Fig. S1B ). Further analysis of TCGA and Oncomine databases revealed DNA copy number loss of DLEC1 in ESCC, lung and NPC primary tumors (Fig. S2) , However, no mutation of DLEC1 was found in the ESCC and NPC cohorts, while mutations were only detected in <5% esophageal adenocarcinomas and some lung cancer cohorts (Fig. S3) . These results suggest that DLEC1 is disrupted through both epigenetic and, less frequently, genetic (LOH/deletion) mechanisms in ESCC and other carcinomas.
The DLEC1 promoter is a CpG island and p53-regulated As promoter CpG methylation directly mediates transcription repression, the DLEC1 promoter was further analyzed. A 756 bp region spanning its promoter and exon 1 as a typical CpG island (CGI) was found (Fig. S4A) . Potential binding sites for multiple transcription factors, including p53, c-Myb, heat-shock factor (HSF), STATs, E2F and Sp1, were predicted using TFSEARCH (www.cbrc.jp/research/ db/TFSEARCH) and MotifSearch (motif.genome.jp) (Fig. S4A) , indicating that this promoter is subject to the regulation of these transcription factors. Thus, several segments covering this region were cloned and tested for promoter reporter activities. Results showed that the shortest construct (+18 to -295), located within the CGI, had the maximal luciferase activity (Fig. S4B) , indicating that it could act as a functional promoter driving DLEC1.
As five putative p53-binding sites were found in DLEC1 promoter (+18 to -1021) (http://tfbind.hgc. jp/), we then examined the effect of p53 on DLEC1 promoter activity. Results showed that p53 upregulated DLEC1 promoter activity, and the region (+18 to -295) might be the core p53 regulatory region (Fig. S4C) , indicating that DLEC1 is indeed a p53-regulated gene. We further analyzed the relationship between p53 status and DLEC1 methylation or expression using TCGA database cohorts, and found that wild-type p53 is significantly correlated with DLEC1 high expression/low methylation, supporting our findings of p53 regulation of DLEC1 promoter (Fig. S4D, E) . 
DLEC1 is downregulated by methylation in esophageal and other carcinoma cell lines
DLEC1 expression and methylation were further examined in a panel of ESCC and other carcinoma cell lines. DLEC1 was readily detected in normal esophageal, respiratory and digestive tissues including esophagus, larynx, trachea, lung, stomach and colon (Fig. 1B) , as well as normal immortalized esophageal and nasopharyngeal cell lines (NE1, NE3, Het-1A and NP69) ( Fig. 1C; Fig S5A) . In contrast, DLEC1 was silenced or significantly downregulated in 17/18 ESCC, 6/9 lung and 5/5 NPC cell lines (Fig.  1C, Fig. S5A ). Methylation-specific PCR (MSP) showed that the DLEC1 promoter was methylated in virtually all the downregulated cell lines, but hemi-methylated in two immortalized normal epithelial cell lines (Het-1A, NP69). Further detailed bisulfite genomic sequencing (BGS) methylation analysis of individual CpG sites on the DLEC1 promoter showed heavily methylated alleles in silenced cell lines, a few methylated alleles in hemi-methylated NP69 cells, but only few scattered methylated CpG site in NE1 cells, confirming the MSP data (Fig. 1E, Fig. S5C ). Thus, DLEC1 expression is well correlated with its methylation status in esophageal and other carcinoma cells.
To determine whether an epigenetic mechanism directly mediates DLEC1 silencing, DNA methyltransferase inhibitor 5-aza-2'-deoxycytidine (Aza) and histone deacetylase inhibitor Trichostatin A (TSA) were used. After the treatment, DLEC1 expression was increased in cell lines of ESCC, lung and NPC with silenced DLEC1, and even more dramatically increased with Aza+TSA treatment, accompanied by increased unmethylated alleles and decreased methylated alleles as detected by both MSP and BGS (Fig. 1D, E, Fig. S5B, C) . Moreover, ChIP assay showed increased binding of acetylated histone 4 to the DLEC1 CGI, following TSA treatment in carcinoma cells (Fig. S6) . These results suggest that both CpG methylation and histone deacetylation contribute to DLEC1 silencing in carcinoma cells.
Frequent DLEC1 methylation in primary carcinomas with clinical correlation
We then analyzed DLEC1 expression and methylation in primary ESCC and other carcinomas. First, online GENT database analysis showed significant reduction of DLEC1 RNA in esophageal, lung, and head and neck cancer tissues compared with corresponding normal tissues ( Fig. 2A) . Moreover, DLEC1 protein was abundantly expressed in normal tissues including esophageal, lung and testis (Fig. 2B) . Further semi-quantitative RT-PCR analysis detected DLEC1 downregulation/silencing in primary ESCC tissues, but medium/high expression in normal esophageal, nasopharyngeal (NPx) and paired tumor adjacent normal tissues (Fig.  2D) . Furthermore, DLEC1 promoter methylation was detected in 66% (27/41) of ESCC tumors but rarely in tumor adjacent normal and normal esophageal tissues. In another cohort, DLEC1 methylation was detected in 48% (40/83) of ESCC primary tissues (Fig.  2D, Table 1 ). Overall, DLEC1 is methylated in 54% (67/124) of primary ESCC tumors, which correlates with its downregulation. An inverse correlation between DLEC1 mRNA expression and promoter methylation was observed in esophageal and lung cancer patients from TCGA datasets (Fig. 2C) . There was a significant correlation between DLEC1 methylation with ESCC tumor size and lymph node metastasis, but not with age, gender, stage, grade, or differentiation in our cohort (Table 2) . Further analysis of TCGA datasets showed that esophageal and lung cancer patients with low methylation or high expression of DLEC1 had longer survival (Fig. 2F, G) . DLEC1 methylation/expression was also significantly associated with disease progression and age of esophageal and lung cancer patients (Table S1, Table S2 ).
We also compared the DLEC1 methylation status with other well-known TSGs at the 3p21-22 locus (PLCD1, RASSF1A, ZMYND10) in ESCC cell lines and primary tumors. DLEC1 (23/35, 66%) appears to have the highest rate of promoter methylation in these tumors compared to PLDC1 (14%), RASSF1A (20%) and ZMYND10 (35%) ( Table  S3) . DLEC1 methylation was also detected in 74% (37/50) of NPC tumors but no (0/3) normal nasopharyngeal tissues, as well as in 57% (35/61) of lung carcinomas (Fig. 2D , Table 1 ). Promoter methylation was further confirmed by BGS, with densely methylated promoter alleles detected in representative tumors but only rare scattered methylated CpG sites detected in normal tissues (Fig.   2D, Fig. S5C ). These results indicate the importance of tumor-specific DLEC1 methylation in the pathogenesis of ESCC and other carcinomas. 
Alternative splicing of DLEC1 in cell lines and tissues
As alternative splicings of DLEC1 have been reported previously in tumor and normal tissues [12] , we also examined the aberrant splicing of DLEC1 in carcinoma and normal cell lines in addition to normal tissues. Amplicons generated by primers (listed in Table S4 ) on exon 5 and 9 had 2 major bands, one wild-type (WT) and one novel aberrant splicing (T1), in most tumor cell lines and normal tissues (Fig. S7) . In splice variant T1 (NCBI accession number: AY789462), exon 8 was spliced out resulting in in-frame deletion with the exception of L479→V421 (ttg→gtg). Amplicons generated by primers on exon 10 and 13 included one WT and 3 spliced forms: DLEC1S1, DLEC1S2 [12] and a novel splicing DLEC1T2 (NCBI accession number: AY789463). For DLEC1T2, exon 11 and frame 1 of exon 13 were spliced out (Fig. S7) , producing a protein identical to DLEC1S1 [12] . Amplifying larger fragments using primers on exon 5 and 13 detected another transcript variant DLEC1T3 (NCBI accession number: AY789464), lacking exons 8, 9, 11 and frame 1 of exon 13, with its translation stopped at exon 10 with premature truncation (Fig. S7) .
We found that all four DLEC1 splice variants are expressed in examined tissues and cell lines with varied expression levels. The expression levels of these splice variants were also higher in most normal tissues than that observed in tumor cell lines (Fig. S7) , indicating that the downregulation of DLEC1 splice variants may also be involved in tumor pathogenesis.
DLEC1 inhibits carcinoma cell proliferation and induces apoptosis
The tumor-specific promoter methylation of DLEC1 indicates its critical role in multiple carcinoma pathogenesis. We thus further evaluated its tumor suppressor functions in ESCC and other carcinomas. As confirmed by Western blot, the ectopic expression level of DLEC1 was similar to its physiological expression level in normal tissues and immortalized esophageal epithelial cells (Fig. 2B) . Monolayer colony formation assay showed significant reduction (down to ~10-40%) in colony numbers and sizes in ESCC, lung and NPC carcinoma cells with ectopically expressed DLEC1 (Fig. 3A, B. Fig. S8A ), compared to controls. Cell proliferation assay exhibited slower growth rates in multiple carcinoma cells stably-expressing DLEC1 (Fig. 3C) . The clonogenicity results indicate that DLEC1 does have strong growth inhibitory activity in ESCC and other carcinoma cells.
To explore the mechanism of its growth inhibition, we next examined the effects of DLEC1 expression on carcinoma cell apoptosis and cell cycle distribution. Cell cycle analysis by propidium iodide incorporation showed that DLEC1-expressing KYSE150, H1299 and HONE1 cells obviously had increased G2-M phase cells and decreased S phase cells, indicating that DLEC1 expression induces G2-M arrest in multiple carcinoma cells (Fig. 3D) . Cell apoptosis assay showed that apoptotic cells significantly increased after being transfected with DLEC1-expression vector (Fig. 3D) , as further confirmed by the increase in apoptosis markers (cleaved caspase-3 and PARP) by Western blot (Fig.  3E) . Thus, DLEC1 suppresses carcinoma cell growth through inducing cell cycle arrest and apoptosis.
DLEC1 suppresses cell migration/invasion through reversing EMT and cell stemness
We further assessed the effects of DLEC1 on carcinoma cell migration and invasion. Ectopic expression of DLEC1 dramatically suppressed the migration and invasion of ESCC, lung and NPC carcinoma cells in transwell assays (Fig. 4A, B) . DLEC1-expressing cells also showed less proficiency in closing artificial wounds than mock cells on a confluent monolayer in scratch wound-healing invasion assays (Fig. S8B) . Meanwhile, we observed dramatic morphological changes in DLEC1-expressing carcinoma cells, with similar cobblestone-like appearance as normal epithelial cells (Fig. 4C) . Moreover, expression of DLEC1 disassembled the formation of actin stress fibers in carcinoma cells (Fig. 4D) .
We then investigated whether DLEC1 regulates epithelial mesenchymal transition (EMT) in carcinoma cells. DLEC1-expressing cells adopted an epithelial morphology, concomitant with gain of epithelial marker E-cadherin and loss of mesenchymal marker vimentin (Fig. 4E) . Upregulated E-cadherin and downregulated vimentin and metastasis markers (MMP7, Twist) were also confirmed by Western blot (Fig. 4F) . As cells generate stem-like properties during EMT, we further examined the regulatory effect of DLEC1 on carcinoma cell stemness. Stem cell markers (STAT3, CD44, ABCG2, TWIST and KLF4) were downregulated in ESCC and lung carcinoma cells after DLEC1 expression, with the effect more potent in lung carcinoma cells (Fig. 4G) . These results clearly indicate that DLEC1 possesses anti-metastatic ability through reversing EMT and stemness of carcinoma cells. 
DLEC1 represses oncogenic signaling pathways in carcinoma cells
We examined the subcellular localization of DLEC1 in KYSE410 (endogenous) and H1299 (ectopically expressed) cells using the DLEC1 antibody. Immunostaining showed that DLEC1 is mainly located in the cytoplasm of examined cells (Fig. 5A) . Its cytoplasmic localization was also clearly demonstrated by confocal microscopy in U-2 OS cells from Human Protein Atlas database, with the same DLEC1 antibody used (Fig. 5A) .
To gain more insight into the mechanisms underlying tumor suppression by DLEC1, luciferase reporter assay was used to examine its effects on oncogenic signaling pathways in carcinoma cells. Results showed that ectopic expression of DLEC1 markedly repressed the reporter activities of NF-κB, AP-1, STATs-bs, TopFlash, SRE and PAI-1 elements-regulated promoters in either carcinoma cells (ESCC, lung, NPC) or immortalized normal epithelial cells (NP69) (Fig. 5B) . Western blot confirmed significantly decreased levels of p-ERK (Thr202/Tyr204), p-AKT (Ser473), p-STAT3 (Tyr705 and Ser727) and active-β-catenin in DLEC1-expressing carcinoma cells (Fig. 5C, D) . These results indicate that DLEC1 is able to repress multiple oncogenic signaling pathways, including JAK/STAT3, MAPK/ERK, AKT, Wnt/β-catenin and TGF-β signaling during the tumorigenesis of multiple carcinomas.
DLEC1 suppresses STAT3 phosphorylation in multiple carcinoma cells
We further investigated the regulation of STAT3 signaling by DLEC1 in more detail. Carcinoma cells were co-transfected with DLEC1-and STAT3C (a constitutive active form of STAT3)-expression plasmids. Exogenously expressed DLEC1 greatly suppressed the p-STAT3 levels at both Tyr705 and Ser727 sites in STAT3C-transfected carcinoma cells, with no changes in STAT3 total protein levels (Fig.  6A) . Marked decrease of p-STAT3 (Tyr705), in a dose-dependent manner, was observed in carcinoma cells transfected with increasing doses of DLEC1-expressing plasmids (Fig. 6B) .
Moreover, DLEC1 was even able to suppress IL-6 treatment-enhanced STAT3 phosphorylation levels in carcinoma cells, without affecting STAT3 total protein level (Fig. 6C) . We thus further analyzed online the co-expression of DLEC1 and STAT3 signaling molecules in multiple carcinomas, and found that DLEC1 underexpression is indeed associated with elevated expression of STAT3, IL-6 and IL-6R in ESCC and lung carcinoma patients (p < 0.05, p < 0.01) (Fig. 6D) , indicating inhibitory regulation of STAT3 signaling activation by DLEC1. These results suggest that DLEC1 indeed suppresses STAT3 signaling activation through reducing its phosphorylation levels in multiple carcinoma cells. 
DLEC1 binds to STAT3, which interferes with its interaction with JAK2
To investigate the mechanism of STAT3 phosphorylation suppression by DLEC1, we analyzed the structure basis for possible interaction between DLEC1 and STAT3. RCSB Protein Data Bank (PDB) was used to search for structures and folds related to DLEC1 and STAT3 (Fig. 7A) . As the DLEC1 N-terminal PDB is similar to phosphatase, we thus performed computational docking analysis for DLEC1 and STAT3 via the ZDOCK server [32] . Following docking of these two proteins without residue selection, two highest-scored predicted models of interaction between DLEC1 (PDB id: 2E6J) and STAT3 (PDB id: 1BG1and 4E68) were discovered (Fig. 7B, C) , while STAT3 (PDB id: 1BF5) failed to dock with DLEC1 due to its large molecule size. This docking analysis reveals the 3D structural basis for possible interaction between the DLEC1 and STAT3 proteins.
As JAK2 directly phosphorylates STAT3 at Tyr705, we next examined the possible interactions of DLEC1 with STAT3 and JAK2 by reciprocal co-immunoprecipitation (co-IP) experiments with Flag or DLEC1, STAT3 and JAK2 antibodies in carcinoma (KYSE150, H1299) and immortalized cells (HEK293T). Results showed a strong interaction between endogenous DLEC1 and STAT3/p-STAT3 (Tyr705) in HEK293T cells by immunoprecipitation, accompanied by relatively weaker co-precipitation of JAK2. Endogenous JAK2 could also precipitate with both DLEC1 and STAT3/p-STAT3 (Tyr705) (Fig. 7D) . Similarly, exogenous DLEC1 could be co-IP with both STAT3/p-STAT3 (Tyr705) and JAK2 (Fig. 7E-H) . Moreover, IL-6 stimulation increased the interaction of DLEC1 with STAT3, while decreasing its interaction with JAK2 and p-STAT3 (Tyr705). Thus, DLEC1 inhibited the interaction of STAT3 with JAK2 in an IL-6 dependent manner (Fig. 7E-G) . These results suggest that DLEC1 is associated with STAT3 and their binding interferes with JAK2-STAT3 interaction and further STAT3 phosphorylation. 
DLEC1 inhibits STAT3 phosphorylation via its YXXQ motif
In agreement with the above computational docking analysis, further protein structure analysis showed that DLEC1 contains three STAT3-specific docking sites -YXXQ motifs (Fig. 8A) , indicating that YXXQ motif may mediate the inhibition of STAT3 phosphorylation by DLEC1. DLEC1 was also found to have high homology to multiple chaperone proteins (data not shown). We thus generated a DLEC1-YXXQ mutant (DLEC1-3Y) with mutations of all three YXXQ motifs to investigate the role of these residues in STAT3 phosphorylation. Ectopic expression of the DLEC1-YXXQ mutant DLEC1-3Y led to significant upregulation of p-STAT3 (Tyr705) levels in both KYSE150 and H1299 cells, compared to wild-type controls, with no change observed in total STAT3 protein levels (Fig. 8B) , confirming the regulation of STAT3 phosphorylation/signaling by YXXQ motifs of DLEC1.
We further examined the effect of YXXQ motifs on DLEC1-STAT3 interaction by co-IP assay. Results showed that the interaction of DLEC1-YXXQ mutant with STAT3/p-STAT3 (Y705) was greatly decreased (Fig. 8C-E) , which then enhanced the interaction of STAT3 with JAK2 and led to increased STAT3 phosphorylation. These results suggest that the YXXQ motifs of DLEC1 are critical for STAT3 phosphorylation and signaling activation.
Discussion
This study, for the first time, identified DLEC1 as a methylated 3p22 TSG for esophageal squamous cell carcinoma (ESCC). With its early genetic alterations, the 3p22-21.3 locus is well known for being critical in multiple carcinomas and lymphomas. Several candidate TSGs reside in this locus, including RASSF1A, ZMYND10 [8, 10] , FUS1 [33] , RBSP3 [34] , NPRL2 [35] and PLCD1 [11, 36] . These TSGs were identified through either genetic approaches (LOH, array-CGH, large-scale chromosomal region cloning and gene mapping, genome sequencing), or functional analysis using monochromosome transfer. Nowadays, epigenetic identification of tumor-specific promoter CpG methylation becomes a new efficient way for TSG discovery [22] . Our group has previously identified DLEC1 methylation and silencing in gastric [13] , colon [13] , hepatocellular [14] , renal [37] and prostate [15] cancers, as well as non-Hodgkin and Hodgkin lymphomas [16] . DLEC1 methylation has also been frequently detected in other carcinomas including nasopharyngeal [17] , lung [18, 19, 22] , breast [20] and ovarian [21] .
However, so far there has been no in-depth mechanism study on the molecular basis of its tumor suppression in human cancers yet, although DLEC1 has been shown to possess growth suppressive abilities in multiple carcinoma types (ovarian [21] , nasopharyngeal [17] , esophageal [12] , gastric [13] , colon [13] , hepatocellular [14] and renal [37] ). DLEC1 also inhibits NPC cell tumorigenic potential in vivo [17] . Some preliminary mechanisms on its tumor suppression have been proposed. For example, DLEC1 contains 27 potential casein kinase II (CK2) phosphorylation sites, which deregulates cell proliferation, migration and signaling [13] . A bipartite nuclear localization signal (NLS) spanning aa 245-262 is present in DLEC1, but no transcription factor function has been detected [14] . DLEC1 also induces cell cycle arrest in tumor cells [14] . We previously also showed that in prostate cancer, DLEC1 inhibited NF-κB transcription activity, upregulated p53-binding activity and induced cell apoptosis [15] .
Here, our study has comprehensively analyzed the cancer-related signaling possibly regulated by DLEC1. DLEC1 was found to suppress multiple oncogenic signaling pathways, including JAK/ STAT3, MAPK/ERK, AKT, Wnt/β-catenin and TGF-β signaling. Constitutive activation of JAK/STAT3 signaling contributes to multiple tumor initiation and progression, which is maintained by a few positive or negative regulators. The YXXQ motif is crucial for STAT3 activation in response to multiple signaling receptors through phosphorylation at its Tyr 705 and Ser727 sites. Studies have shown that chaperone proteins are involved in the regulation of STAT signaling [38, 39] . For example, acylglycerol kinase potentiates JAK2/STAT3 signaling in ESCC [40] ; Epstein-Barr virus (EBV)-encoded proteins constitutively activated STAT3 in NPC [41, 42] ; and, EGFR mutation mediates STAT3 activation via IL-6 production in lung cancer [43] . However, far fewer negative regulators of STAT3 signaling have been reported in ESCC, NPC and lung cancer so far, unlike other carcinomas. We discovered the structural basis for direct regulation of STAT3 by DLEC1, including three YXXQ motifs, resembling phosphatase and chaperone proteins, suggesting its possible binding to STAT3 and regulation of its dephosphorylation. Our experimental data further demonstrated that DLEC1 negatively regulates STAT3 activation through docking and binding to STAT3 and further inhibiting its phosphorylation (Fig. 8F) . Whether the suppression of STAT3 phosphorylation by DLEC1 is due to its phosphorylation inhibition or enhanced de-phosphorylation should be further investigated.
We discovered that promoter CpG methylation of DLEC1 directly mediates its silencing/ downregulation in multiple carcinomas, with histone acetylation also playing some role in DLEC1 regulation. Epigenetic silencing has been found to be the predominant cause of DLEC1 inactivation, as only rare mutations of DLEC1 have been detected in multiple carcinoma tissues from TCGA cohorts even with large sample sizes, suggesting a dominant role of epigenetic disruption of DLEC1 in carcinoma pathogenesis. In this study, we also found four alternative splicings of DLEC1; however, further investigations of these variants are needed, including their functional significance, relative proportion to other longer functional transcripts, as well as possible connection between the splicing and CpG methylation of the DLEC1 gene body.
Compared with other known methylated 3p22-21.3 TSGs, DLEC1 has relatively higher methylation frequency in ESCC, further supporting its critical role in ESCC pathogenesis. The previous failure of detecting DLEC1 methylation first in Japanese ESCC tumors may be due to a technical issue [12] , or less likely ethnic difference since our ESCC samples are of Chinese origin. As DLEC1 methylation is tumor-specific in ESCC and detectable even in immortalized normal esophageal epithelial cells, it might serve as a non-invasive epigenetic biomarker for the early detection of ESCC. We also found that DLEC1 methylation is correlated with ESCC recurrence and progression, suggesting its potential even as a marker for prognosis prediction in carcinoma patients. In parallel, DLEC1 methylation has been shown to be of good biomarker value in other malignancies, including non-small cell lung [18, 19] , gastric [44] , hepatocellular [14] , renal [37] and oral carcinomas [45] , as well as pre-invasive lesions of breast cancer [20] . Moreover, DLEC1 methylation has been detected in plasma samples from lung cancer patients, and sera of Hodgkin lymphoma patients [16] .
In summary, our study demonstrates the first evidence of predominant, tumor-specific, DLEC1 methylation in ESCC with its biomarker value. As a critical 3p22 TSG regulated by p53, DLEC1 inhibits the growth and metastasis of multiple carcinoma cells through binding to STAT3 and inhibiting its phosphorylation, and also suppressing other oncogenic signaling pathways. The YXXQ motifs of DLEC1 are crucial for STAT3 phosphorylation. Our identification of DLEC1 as a negative regulator of STAT3 signaling reveals a mechanistic link between 3p22 alteration and oncogenic STAT3 signaling activation in multiple carcinoma pathogeneses.
Materials and Methods
Cell lines, tissue samples and demethylation treatment
A panel of ESCC, NPC and lung carcinoma cell lines was used. Immortalized normal esophageal epithelial (NE1, NE3, Het-1A), normal nasopharynxgeal epithelial (NP69) and HEK293T cell lines were used. Cell lines were maintained in RPMI or DMEM medium (Gibco BRL, Rockville, MD) with 10% fetal bovine serum. Human normal adult tissue RNA samples were obtained commercially (Stratagene, La Jolla, CA, or Millipore Chemicon, Billerica, MA). Primary carcinoma tissues of Chinese ESCC, NPC and lung, some with matched normal samples, have been descried before [46] [47] [48] [49] . Cell lines were treated with 5 µM of 5-Aza-2'-deoxycytidine (Aza) (Sigma, St. Louis, MO) for 3 days, or even followed with ~16 h additional TSA (final concentration 10 mM) treatment as described [46, 47] .
Establishment of CpG methylomes of cell lines and carcinoma samples
Methylated DNA immunoprecipitation (MeDIP) coupled with promoter microarray hybridization (MeDIP-chip) was performed as previously [50, 51] . Briefly, methylated DNA of ESCC (HKESC1, KYSE410) and NPC cell lines (HK1), as well as immortalized esophageal and nasopharyngeal epithelial cells (NE083, NP69) were immunoprecipited by monoclonal antibody against 5-methylcytidine (33D3, Diagenode, Seraing, Belgium), and then hybridized to NimbleGen™ HG18 Meth (385K CGI plus) promoter arrays (Array Star, Inc., MD). Bioinformatics analysis of methylome data was performed as previously described [50, 51] .
Illumina 27K DNA methylation microarray was conducted previously [30] . DLEC1 methylation status was analyzed accordingly.
Bisulfite treatment and promoter methylation analysis
MSP and BGS were conducted according to our previous reports [46, 47] . MSP and BGS primers are listed in Table S4 . MSP was conducted for 40 cycles at the annealing temperatures of 60°C for M and 58°C for U. Amplified products from BGS primer set were cloned into pCR4-Topo vector (Invitrogen, Carlsbad, CA), with 6-8 colonies randomly chosen and sequenced.
Construction of DLEC1 expression plasmids and transfection
Four pairs of primers (Table S4 ) were used to generate 4 DLEC1 fragments based on published DLEC1 sequence (GenBank accession number AB020522). Reverse transcription was carried out using normal testis RNA as template (BD Biosciences, Palo Alto, CA). The 4 product fragments were ligated to generate pcDNA3.1(+)-Flag-DLEC1 and pCMV-Flag-DLEC1-V5 expression plasmids. The mutation for three YXXQ motifs of DLEC1 (DLEC1-3Y, YXXQ-GGGG) was introduced by PCR into pCMV-Flag-DLEC1-V5 vector, with sequence confirmed. STAT3C expression plasmid was a gift from Prof. Honglin Chen (University of Hong Kong) [41] . Cells were transfected with lipofectamine 3000 (Invitrogen, Carlsbad, CA), and the cells were cultured in RPMI 1640 supplemented with 10% FBS and selected in 400 μg/mL of G418 for 20-30 days to establish some stable cell pools, with confirmed DLEC1 expression.
Colony formation and cell proliferation assays
Colony formation assay was conducted as previously described [49] . All experiments were performed in triplicate wells 3 times. To monitor cell proliferation, 1000 cells were plated in a 96-well plate and incubated at 37°C in selective media for 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay.
Cell cycle and apoptosis analysis
Flow cytometry analysis of cell cycle and apoptosis was described previously [11] . Cells were stained with propidium iodide (PI) and Annexin V-FITC (BD Biosciences, Bedford, MA), and sorted by Accuri C6 (BD Biosciences, Bedford, MA) according to the manufacturer's protocol.
Migration and matrigel invasion assays
Transwell migration and invasion assays were performed as previously described [32, 40] . The numbers of migrated or invaded cells were observed and counted using a light microscope. Five fields were randomly chosen and the numbers of penetrated cells were counted. Human IL-6 (PF01229) (Peprotech, Rocky Hill, NJ) was used. Western blot and IP experiments were performed according to previous protocols [48, 49] .
Antibodies, proteins, Western blot and immunoprecipitation (IP)
Antibodies
Protein-protein docking analysis
To find possible interaction in 3D structure between DLEC1 and STAT3, RCSB Protein Data Bank online tool (http://www.rcsb.org/pdb/home/home. do) was firstly used to predict 3D structures of DLEC1 and STAT3. Protein-protein docking was conducted using the Z-DOCK server (http://zdock.umassmed. edu/), which provides 5 top models regarding possible interaction between two proteins.
Statistical Analysis
All statistical analyses were conducted with R-3.3.0 (http://www.r-project.org). Statistical significance was defined as p value < 0.05. Basic statistical tests and generation of boxplots and scatterplots were performed by using built-in functions including the base distribution of R. Survival analyses and the generation of related plots were performed by using the survival package v2.41-3 (https://cran.r-project. org/web/packages/survival/index.html). KaplanMeier method was used to estimate the overall survival of patients; log-rank test was used to compare survival distributions of groups of patients with different levels of DNA methylation or gene expression.
For expression data, log2 transformed and normalized values were used. For methylation data, the β-value, a measure of DNA methylation level ranging from 0 to 1 for completely unmethylated to completely methylated, was used. 
Supplementary Material
Supplementary figures and tables. http://www.thno.org/v08p0061s1.pdf Merck Sharp & Dohme, Janssen, Clovis Oncology, GlaxoSmithKline, Novartis, SFJ Pharmaceutical,
